Aspects of the regulation of DN A replication and mitosis have been studied using a cell-free extract of Xenopus eggs. The extract is characterized by repeated cycles of D N A replication and mitosis, which are accompanied by periodic synthesis and degradation of cyclins as well as fluctuations in the level of Histone HI kinase activity. D N A replication in this system is dependent upon the formation of a nucleus. However, while nuclear structures are clearly required for initiation, a complete nuclear membrane does not appear to be necessary. Indirect immunofluorescence and D IC microscopy indicate that nuclear reformation from chromosomes occurs asynchronously around individual chromatids. Lamin polymerization, biotin-11-dUTP incorporation and associ ation of polymerases with chromatin occur before membrane formation is complete. S phase nuclei are typified by the co-distribution of both anti-DNA polymerase a and anti-PCNA antibodies as discrete spots of fluorescence which align the chromatin. However, as DNA replication is terminated, PCNA fluorescence fades and D N A polymerase a dissociates from the chromatin and is redistributed throughout the nucleoplasm. By inhibiting D N A replication with aphidicolin, both D N A polymerase a and PCNA remain associated with the chromatin throughout prolonged incubation. Under these conditions mitosis is delayed by up to 70min, although both the general rate of protein synthesis and more importantly the rate of cyclin synthesis and histone kinase activation are unaffected. Upon nuclear envelope breakdown and lamin dispersal, cyclins degrade; however, no chromosomes are formed, and both PCNA and DN A polymerase a remain associated with the chromatin. Also, histone kinase activity is maintained at elevated levels.
Introduction
In amphibians, the cell cycles of early embryos provide a convenient system for the study of S phase and mitosis, as both events occur in the absence of either growth or transcription. The embryo negates these requirements by utilizing materials which have been stockpiled throughout oogenesis, thus allowing cell division to proceed at a prodigious rate. One consequence of this strategy is that, following fertilization, all of the elements which control the initiation of D NA replication and entry into mitosis are contained within the egg cytoplasm (reviewed by Ford, 1985) . This has made it possible to prepare cytoplasmic extracts of amphibian eggs that will recapitulate cell cycle events in vitro.
Extracts prepared from ionophore-activated R ana eggs were found to support nuclear assembly around sperm DNA. Furthermore, such nuclei were able to synthesize DNA and would subsequently undergo nuclear disassembly and chromo some formation (Lohka and Masui, 1983) . The nuclei formed in such extracts were characterized by a bilayered envelope studded with nuclear pores, and were able to respond to the addition of maturation promoting factor (M PF) by undergoing nuclear envelope breakdown (Lohka and Masui, 1984) . Similar extracts prepared from Xenopus eggs also supported nuclear formation in vitro. These extracts have been more extensively characterized and respond to the addition of M PF by inducing nuclear envelope breakdown, lamin hyperphosphorylation and dissolution, chromo some formation and the assembly of mitotic spindles (Miake-Lye and Kirschner, 1985; Lohka and Mailer, 1985) . In addition, a range of cytoplasmic phosphorylation events occur which correspond closely to phosphorylation patterns observed in interphase and mitotic blastomeres in vivo (Lohka et al. 1987; Karsenti et al. 1987) .
Egg extracts support nuclear assembly around a range of D NA templates including sperm DNA, circular plasmids and mitotic chromosomes (Blow and Laskey, 1986; Lohka and Mailer, 1985; Newport, 1987; Hutchison et al. 1988) . Nuclear assembly around both sperm D N A and naked DNA is preceded by modification of the DNA, which may involve chromatin assembly (Newport, 1987) as well as the association of pre-pore complexes with the DNA (Sheehan et al. 1988) . Such complexes may act as receptor sites for membrane accumulation, which is itself mediated by protein receptors integral to the nuclear membranes (Wilson and Newport, 1988) . Most nuclei formed in vitro are active in nuclear protein transport, but will exclude non-nuclear proteins (Newmeyer et al. 1986a,b) .
Nuclear assembly is an absolute requirement for the initiation of DNA replication in egg extracts (Blow and Laskey, 1986; Blow and Watson, 1987; Newport, 1987; Sheehan et al. 1988; Hutchison et al. 1988) , although the implications of this are unclear. Blow and Watson (1987) have demonstrated that populations of nuclei initiate DNA replication asynchronously in a common cytoplasmic environment, and suggest that the nuclear envelope provides a barrier that renders the nucleoplasmic environment independent of the surrounding cytoplasm. Furthermore, the function of the nuclear envelope as a barrier is apparently important in preventing re initiation in nuclei which have undergone one round of replication (Blow and Laskey, 1988) . The lamina may also have a role in D NA replication, since the sites of re-initiation are closely associated with the sites of lamin polymerization during nuclear reformation from mitotic chromosomes. Furthermore, the spread of replication follows the spread of the lamina (Hutchison et al. 1988) . Thus, the nucleus may be thought of as providing a permissive environment for DNA replication, possibly by concentrating factors required for replication, either by accumulating them at fixed sites or by the envelope acting as a barrier to dispersal.
In the present paper we discuss aspects of the initiation of DNA replication and its integration into the cell cycle in a cell-free extract of Xenopus eggs, which recapitulate a basic cell cycle in vitro.
Results

Periodic events in Xenopus egg extracts
The timing of S phase and mitosis is determined in each extract by indirect immunofluorescence microscopy, following pulse labelling of the extract with biotin-11-dUTP (Hutchison et al. 1988) . A typical sequence of these events is illustrated in Fig. 1 . Changes in nuclear morphology during a typical incubation of sperm heads with egg extract. Egg extracts, prepared as described by Hutchison et al. (1988) , were inoculated with demembranated sperm heads (10s /100 ¿til of extract) and incubated at 21 °C. 101«1 aliquots were pulse-labelled at 10 min intervals with biotin-11-dUTP (1 fA of 40 fm). 10 min after the addition of label, the samples were fixed in E G S then prepared for fluorescence microscopy. Fixed nuclei were stained with anti-lamin antibodies followed by F IT C rabbit anti-mouse IgG to detect lamins, Texas Red-streptavidin to detect biotin-11-dUTP incorporation and DAPI to determine the distribution of the DNA. Slides were examined under a Zeiss photomicroscope III fitted with a side mounted u.v. arm. Panels A ,B ,E ,G and I show the distribution of D N A ; C ,F,H and J show the distribution of lamins, and D and K show biotin-11-dUTP incorporation. (Fig. 1A) were added to the extract and incubated at 22°C. The DNA rapidly decondensed and acquired nuclear envelopes, so that after 20 min nuclei with dispersed chromatin (Fig. IB) and a continuous lamina (Fig. 1C) were observed. Such nuclei efficiently incorporated biotin-11-dUTP (Fig. ID ) , indi cating that they were undergoing D NA replication. Nuclei remained in S phase for approximately 30 min and then entered a characteristic Gz state in which the chromatin separated into distinct strands (Fig. IE) and the nuclear envelope and lamina ( Fig. IF) expanded rapidly. The nuclei remained in a G 2 state for 20min (although in some extracts G 2 lasted for up to 50 min) before nuclear envelope breakdown, lamin dispersal ( Fig. 1H ) and chromosome condensation occurred (Fig. 1G) . Mitosis was completed within 20 min, after which the D NA decondensed ( Fig. II) , nuclear envelopes and lamina reformed (Fig. 1J ) and DNA replication, determined by biotin-11-dUTP incorporation, was re-initiated (Fig. IK ) .
The mitotic events of this cell cycle are dependent upon protein synthesis, so that in the presence of cycloheximide or puromycin, nuclei remain in G 2 and do not reinitiate DNA replication (Blow and Laskey, 1988; Hutchison et al. 1987) . We have investigated protein synthesis in our extracts by labelling with L-[35S ] methionine. Labelled samples were prepared for SD S-P A G E at 15 min intervals throughout the cell cycle and resolved on 10% acrylamide gels. Fig. 2A illustrates a fluorograph of such a gel. During interphase, (A50), a group of three bands of M r 47 000 (A ), 49 000 (B) and 50000 (C) was labelled heavily, reaching a peak of labelling intensity just before mitosis, (A65). However, late in mitosis, (A80), all three bands essentially disappeared, indicating that the proteins had been destroyed or modified, but gradually accumulated again during second interphase (A95, A110). Label again accumulated in the bands until mid-mitosis, (A125), but disappeared as nuclear reassembly occurred, (A140). Anti-sense oligonucleotide-mediated hybrid arrest of translation indicates that these bands belong to the cyclin family of proteins (Gilbert and Ford, unpublished observation; Minshull, Blow and Hunt, 1989) .
Histone HI kinase activity was also measured throughout the cell cycle and was found to fluctuate with the progression from S phase to mitosis (Fig. 2B) . Kinase activity appeared late in interphase, reaching a peak late in mitosis I. The activity fell to basal levels as interphase nuclei reappeared, but rose again just before mitos:s II, reaching a second peak of activity during mitosis II.
Nuclear events during S phase
Xenopus egg extracts are able to support DNA replication in multiple nuclei residing in a common cytoplasmic environment. However, nuclei which have replicated their DNA once are unable to do so again until they have passed through mitosis (Blow and Laskey, 1986; Blow and Watson, 1987; Hutchison et al. 1988) . This is despite the fact that extracts which already contain replicating or replicated nuclei will still support nuclear assembly and DNA replication on freshly added sperm (Fig. 3) . Thus, while extracts contain large quantities of the materials necessary for DNA
DNA Lamin
Biotin ' Mm Fig. 3 . The replicative capacity of egg extracts. Egg extracts containing sperm heads were incubated at 21 °C. Fresh sperm were added to aliquots of the extract either during S phase (A,B and C) or Gz (D ,E and F) . Samples were prepared for fluorescence microscopy 30min after the second inoculation of sperms. Nuclear assembly was determined by lamin association (B and E), while D N A replication was determined by biotin-ll-dU TP incorporation (C and F). In each micrograph, the large nuclei represent the original population, while the small nuclei represent the new population. Scale bar, 5 ,u m.
replication and nuclear assembly, initiation events appear to be limited in each nucleus.
T o understand how replication is initiated and what prevents reinitiation, we have investigated the distribution of both D N A polymerase a and P C N A (both of which are required for D N A replication -see Fairman et al. 1988 ) during S phase and G 2 , by indirect immunofluorescence microscopy. D N A replication is initiated in nuclei which are relatively small, (5 ,um diameter), and have tightly packed chromatin. However, as S phase progresses towards G 2 , the nuclei enlarge and the D N A separates into clearly distinguishable strands, making microscopic analysis easier. Both antigens were first detected in nuclei after the formation of a lamina but before biotin-11-dUTP incorporation. Initially, each antigen appeared to be distributed uniformly throughout early S phase nuclei. However, by late S phase an antigenic pattern of bright fluorescence foci had emerged, (Fig. 4A-C) , most foci sharing both anti-PCNA and anti-DNA polymerase O'fluorescence. One interpretation of this data is that both antigens participate in one common complex. As the chromatin separated into distinguishable strands, the discrete areas of intense fluorescence could be seen to be aligning with the chromatin (Fig. 4D and E ). As G 2 progressed, anti-PCNA fluorescence disappeared while anti-DNA polymerase a fluorescence dissociated from the chromatin and instead accumulated in larger foci. G 2 nuclei incubated in extracts treated with cycloheximide retained anti-DNA polymerase or antigenicity for at least 60 min. Throughout this time the polymerase was predominantly nucleoplas- mic and never reassociated with the chromatin (Hutchison and Kill, 1989) .
One interpretation of these data is that replication complexes appear during Sphase, in which both D N A polymerase a and PCN A are closely associated with the replication fork. T he disappearance of PCN A fluorescence and the dissociation of D N A polymerase ^-fluorescence foci from the chromatin is presumably indicative of a termination mechanism, possibly involving a modification to the complex, which prevents its re-use.
How replication is initiated in embryonic nuclei is unclear, although it has been suggested that, once formed, a nucleus accumulates a permissive factor, which, upon reaching a threshold concentration, propagates a signal throughout the nucleus leading to synchronous initiations at multiple sites (Blow and Watson, 1987) . Microscopic analysis of nuclear assembly from sperm heads is consistent with this view, as both D N A polymerase a and PC N A accumulate in such nuclei some time before the detection of biotin-11-dUTP incorporation, and initially show no evidence of specific localization (Hutchison and K ill, 1989) . However, nuclear reformation and the re-initiation of D N A replication following mitosis appears to follow a different pathway.
Following mitosis, re-initiation occurs asynchronously within a decondensing chromatin m ass (Hutchison et al. 1988) . Fig. 5(A and B) illustrates typical structures observed just after mitosis. Decondensation is not uniform along the length of a chromosome, so that stretches of condensed D N A extend out of areas of decondensed D N A (arrows). The areas of decondensed D N A are surrounded by a lamina, although lamin polymerization appears to terminate sharply at regions of condensed chromatin. During later stages of nuclear formation, nuclear envelopes become clearly visible under D IC optics. In Fig. 5D for example, a nuclear envelope can be seen to surround areas where the chromatin is extensively decondensed but is absent from regions of D N A which remain more tightly packed (Fig. 5C ). Lam in polymerization appears to follow the envelope, although lamin fluorescence is not as extensive as the envelope observed under D IC optics (Fig. 5E ). Incorporation of biotin-11-dUTP (Hutchison et al. 1988) stage of lamin polymerization, indicating that re-initiation occurs before nuclear reformation is complete, and that this event occurs close to the sites of lamin polymerization. As nuclear reassembly is not complete before reinitiation occurs, it seems unlikely that a diffusable factor accumulating to threshold concentrations is responsible for this event, since it is difficult to explain how the partial envelope constitutes an effective barrier. In addition, although re-initiation events appear to occur at the sites of lamin polymerization, this does not demonstrate a functional requirement for the lamina in initiation. The lamina is continuous with pore complexes (Yerheijen et al. 1988) , which may act as nucleation centres for polymerization of the lamina. Thus the co-localization of biotin-11-dUTP incorpor ation with the lamina in reforming nuclei may simply indicate that both events occur close to the sites of nuclear transport. We are currently investigating this proposal by immunoelectron microscopy.
DNA replication and the cell cycle
The timing of the cell cycle oscillator in early embryos has been reported to be independent of DNA replication, as surface contraction waves continue to occur in both enucleated and aphidicolin-treated one-cellXenopus embryos (Hara et al. 1980; Kimelman et al. 1987) , although the periodicity is slower in aphidicolin. Further more, in both sea urchin embryos (Sluder and Lewis, 1987) and Drosophila embryos (Raff and Glover, 1988) , centrosome duplication and spindle formation continue in the presence of aphidicolin, though again more slowly than in untreated embryos. To determine whether cell-free extracts behave in a similar way, we have investigated the timing of nuclear envelope breakdown, cyclin synthesis and degradation, and histone kinase activation in extracts which were treated with aphidicolin at 20 /igm l-1 (a concentration which entirely inhibits [32P]dCTP incorporation into D NA). Aphidicolin-treated extracts support nuclear assembly around sperm D NA at the same rate as control extracts. Furthermore, such nuclei accumulate D NA polym erase a and PCNA but do not synthesize DNA. However, nuclear envelope breakdown and lamin dispersal is delayed for periods ranging from 50 to 70min. This delay occurs even though the rate of protein synthesis is unaffected by the addition of the inhibitor, and the cyclins remain the predominant species syn thesized. Fig. 6A shows the pattern of protein synthesis during a typical incubation in the presence of aphidicolin. Cyclin synthesis occurred normally, although there was no evidence of destruction until 155 min after the start of the incubation (75 min later than in controls). This was 30 min after nuclear envelope breakdown was first observed in the treated extract. Again, in contrast to the controls, while histone kinase activity started to increase after 60 min, the activity did not fluctuate periodically but continued to increase, reaching a peak just before nuclear envelope breakdown started to occur at 120 min. The activity then remained at these elevated levels until the end of the incubation period (Fig. 6B) .
Nuclear envelope breakdown was atypical in a number of ways. Firstly, there was no obvious condensation or segregation of the chromatin, which, upon the dissolution of the lamina, remained as a single clump in which individual chromatids were indistinguishable. Secondly, both PCN A and polymerase a continued to associate with this chromatin, despite the loss of the nuclear envelope ( Fig. 7A -C) . Thirdly, there was no evidence of nuclear reassembly even 60 min after N E B D . T h u s while the accumulation of mitotic signals, as far as we have measured them, appears to be unaffected by the inhibition of D N A replication, the timing of nuclear envelope breakdown is significantly delayed. Furthermore, following nuclear envel ope breakdown, histone kinase activity does not decline and nuclear envelope reassembly is inhibited.
Discussion
Cell-free extracts reproduce cell cycle events in vitro
Early Xenopus embryos undergo synchronous cleavage divisions, characterized by rapid transitions between S phase and mitosis (Graham and Morgan, 1966) . Each cell division lasts approximately 30 min and lacks clearly definable G i and G 2 phases (except in the first cell cycle). T he control of this primitive cycle is apparently achieved by relatively simple mechanisms involving a G 2 block to the reinitiation of D N A replication (Harland and Laskey, 1980) and a requirement for protein synthesis in order to enter mitosis (Miake-Lye et al. 1983 ). Protein synthesis is required for entry into mitosis in embryos of a number of organisms, including clams, sea urchins and starfish, in which cyclin proteins are synthesized throughout the cell cycle but disappear at mitosis (Rosenthal et al. 1980; Evans et al. 1983; Standart et al. 1987) . cD N A s with sequence homology to cyclins have been identified in Xenopus embryos (Pines and Hunt, 1987; Minshull et al. 1989) and it has been shown that at least one cyclin m RN A induces meiotic events in Xenopus oocytes (Swenson et al. 1986 ). T hu s it is reasonable to suppose that cyclin synthesis and degradation is involved in mitotic control in Xenopus. Protein kinase activities also fluctuate through the cell cycle. These activities are dependent upon protein synthesis, and cycle in phase with M PF activity (Karsenti et al. 1987) . A major histone kinase activity has recently been purified from Xenopus oocytes which catalyses hyperphosphorylation of a set of endogenous proteins, and apparently corresponds to the cell cycle-dependent kinase (Labbe et al. 1988 ). Moreover, purified M PF, containing a Xenopus homologue of the yeast cell cycle control element cdc2, also displays histone kinase activity (Gautier et al. 1988) . Thus periodic histone kinase activity during the cell cycle apparently reflects fluctuations in M PF activity.
The cell-free extracts of Xenopus eggs described above display many features common to cell cycles in embryos. T he cell cycle events are characterized by rapid transitions between S phase and mitosis, only the first cell cycle displaying a Gz period (Hutchison et al. 1988) . D N A replication is initiated only once in each nucleus during the cell cycle (Blow and Laskey, 1986; Blow and Watson, 1987; Hutchison et al. 1987) , reinitiation only occurring after mitosis (Hutchison et al. 1988) or following removal of the nuclear envelope (Blow and Laskey, 1988) .
Mitosis is dependent upon protein synthesis, and each cell cycle is apparently driven by cyclin synthesis and degradation (Minshull et al. 1989 ). Protein synthesis is also required for the periodic appearance of histone HI kinase activity in the extracts, which presumably reflects M PF activation and inactivation.
Thus cell cycles in vitro apparently operate under similar controls to cell cycles in vivo, and thus provide reliable models for biochemical analyses of mechanisms in S phase and mitosis. However, major differences are observed; for instance, in our extracts we rarely observe mitotic chromosomes arranged on spindles, while in other types of extract, syncitial nuclei do not replicate DNA as a synchronous population (Blow and Watson, 1987) . Although these extracts are unable to recapitulate all the features of cell cycles, they are nonetheless eminently suitable for biochemical studies.
The control of DNA replication S phase nuclei are characterized by the appearance of foci in which both PCNA and D NA polymerase a localize. These foci are located on chromatin strands and may identify the sites of DNA replication. Similar patterns of PCNA distribution have been observed in somatic cell nuclei during S phase (Bravo and MacDonald-Bravo, 1987) , which mimic the pattern of bromodeoxyuridine incorporation (Nakamura et al. 1986) . One interpretation of these data is that upon entry into S phase, complexes of enzymes or replicases are formed, DNA polymerase o'and PCNA being only two components of this complex (see Stillman, 1988) .
The control of replicase formation may occur at several levels and might involve S phase-specific signals (Bahman et al. 1988), initiator proteins (de Bruyn Kops and Knipe, 1988; Stillman, 1988) and nuclear architecture (see Blow, 1988) . In Xenopus, S phase signals are probably constitutive (Newport and Kirschner, 1984) so that cell-free extracts should be useful in the identification of initiator proteins and in the elucidation of the role of nuclear architecture.
It has been proposed by Blow and Watson (1987) that one role of the nucleus is to create a microenvironment which is autonomous of the cytoplasmic millieu. More specifically, during the pre-replicative phase of nuclear assembly, a diffusable signalling property is accumulated, which, upon reaching a threshold concentration, gives rise to synchronous initiations throughout the nucleus. These conclusions were drawn from experiments in which nuclear assembly around sperm heads was observed. In contrast, when reinitiation is observed in nuclei reforming from mitotic chromosomes, it occurs asynchronously in disparate parts of a single mass of chromatin, and before nuclear assembly is complete (Hutchison et al. 1988) . Indeed, further investigations have indicated that the rate of decondensation appears to be unequal along the length of individual chromosomes, and that membrane accumu lation, followed quickly by lamin polymerization and reinitiation, occurs on the decondensed areas of chromatin.
The differences between nuclear assembly from sperm heads and nuclear reassembly from chromosomes may arise from the peculiar packaging of sperm DNA. Sperm D NA is highly condensed, and upon addition to extracts undergoes several modifications, including decondensation and the accumulation of pre-pore complexes, prior to the accumulation of membranes (Sheehan et al. 1988 ). Furthermore, modifications may occur after membrane assembly, which may give rise to a pre-replicative lag. In contrast, the accumulation of pre-pore complexes has not been described during nuclear reassembly from chromosomes (Burke and Gerace, 1986) and nuclear assembly is much more rapid from these templates (Hutchison et al. 1988) . One explanation of this would be that having been modified during the first cell cycle, the D NA requires no further modifications.
While we agree with the view that local environments within the nucleus are important for initiation, our results do not lend support to the hypothesis that the timing of initiation is regulated by a diffusable element. As we observe re-initiation on chromatin that is only partially enclosed by a membrane, it seems unlikely that a rapidly diffusing protein could be brought to a higher concentration than in the surrounding cytoplasm. However, we do observe that D NA replication and the accumulation of DNA polymerase a and PCNA always occur at the sites of lamin polymerization. It has recently been shown that the nucleoskeleton consists of a network of intermediate filament-like proteins which extend around and through the nucleus. Furthermore, these filaments are continuous with nuclear pores and may connect with intermediate filament proteins in the cytoplasm (Jackson and Cook, 1988) . This observation gives rise to the attractive hypothesis that nuclear transport occurs along tramlines of intermediate filaments, which could accumulate proteins at fixed sites in the nucleus, thus giving rise to high local concentrations of enzymes. We propose that these local concentrations give rise to the conditions necessary for initiation.
Upon the termination of DNA replication, anti-PCNA staining in nuclei disappears, and D NA polymerase a becomes dissociated from the chromatin. Despite this, anti-DNA polymerase or antibodies still show a punctate distribution, the spots of polymerase fluorescence co-distributing with structures visible under Normaski optics (Hutchison and Kill, unpublished observation). The polymerase is apparently unable to reassociate with the chromatin, despite the fact that the surrounding cytoplasmic environment is still able to support initiation. Blow and Laskey (1988) have demonstrated that re-initiation can be induced in G 2 nuclei following damage to the nuclear envelope. They suggest that a 'licencing factor', which is unable to cross the nuclear envelope, associates with the chromatin during mitosis and specifies the sites of initiation. During S phase, licencing factor is consumed, thus preventing re-initiation. Many proteins which are required for initiation of viral replication have been described, including T antigen (see Stillman, 1988) and ICP8 (Quinlan et al. 1984) . Such proteins are able to reorganize the host replication machinery to viral origins (de Bruyn Kops and Knipe, 1988) . It is not clear whether cellular homologues of such proteins exist, although a protein of M x 68 000 which is immunologically related to T antigen and has sequence homology to ATP-dependent DNA helicases has been identified in all dividing cells (Lane and Hoeffler, 1980; Ford et al. 1988) . That the binding of D NA polymerase a and PCNA to the chromatin is very stable during S phase, but is prevented following termination, could be explained if 'licencing factor' is required to mediate the binding of these proteins to the replication fork.
Dissociation of DNA replication and mitosis
We have used aphidicolin to separate DNA replication from events of mitosis. Despite the complete absence of DNA replication under these conditions, nuclei enter mitosis, judged by lamin dissolution and nuclear envelope breakdown. With these cell-free extracts, incubations have not been continued for long enough to ascertain whether mitotic events are truly periodic. However, in whole eggs, waves of surface contraction recur periodically in the presence of aphidicolin (Kimelman et al. 1987) . In Drosophila embryos, cycles of lamin dissolution and reassembly recur in the presence of aphidicolin, as does centrosome duplication (Raff and Glover, 1988) . Similarly, in sea urchin embryos, aphidicolin does not prevent cycles of centrosome duplication, though in this case nuclear envelope reassembly is not detected (Sluder and Lewis, 1988) . The apparent ease with which nuclear events of the cell cycle in early embryos can be uncoupled from the cytoplasmic cell cycle oscillator is in marked contrast to cell cycle studies in other systems. In particular, genetic analyses of cell division cycle mutants in yeast supports the view that the cell cycle contains a dependent sequence of events in which the completion of one event is a pre-requisite for the completion of the next (Hartwell et al. 1974; Kirschner et al. 1985) .
Since chromosome duplication is essential for cell viability through division, why should embryos have discarded the feedback mechanism(s) that ensures that mitosis awaits completion of S phase? Early embryos undergo unusually rapid cell cycles, are unusually large and do not grow between divisions. The egg has enormous stockpiles of both RNA and protein to meet these needs. Furthermore, transcription is not reactivated until the mid-blastula transition (Newport and Kirschner, 1982; Kimel man et al. 1987) . Indeed, it appears that the high rate of replication in early embryos precludes transcription, since inhibition of replication induces precocious transcrip tion (Kimelman et al. 1987) . Perhaps in somatic cells transcription is necessary for the tight dependency of mitosis on completion of replication. This coupling would be automatically lost in early embryos, where rapid cell cycles are regulated entirely at post-transcriptional levels.
Normally, in eggs, the high levels of replication components and the large number of replication origins that are utilized ensure that S phase is rapid. However, the observation that nuclear envelope breakdown and cyclin destruction are delayed in the presence of aphidicolin suggest that there is some feedback delaying mitosis if replication is not complete. This is unlikely to be a direct effect of aphidicolin on mitotic events, as first mitosis occurs normally in sea urchin eggs when aphidicolin is added after first S phase (Nishioka et al. 1984; Sluder and Lewis, 1987) . The continued association of replication antigens with chromatin even after lamin dissolution provides direct evidence for the suggestion that in the presence of aphidicolin, chromatin retains an S phase configuration while the cell cycle continues into mitosis (Sluder and Lewis, 1988) . The degree of condensation achieved under these abnormal circumstances appears to vary with different species (Raff and Glover, 1988; Sluder and Lewis, 1987) .
Despite the delay in lamin dissolution, the presence of aphidicolin does not reduce the rate of either protein synthesis generally or cyclin synthesis in particular. In parallel with this, the protein kinase activities measured in the histone HI phosphorylation assay start to rise at the same time, whether or not aphidicolin is present. However, in aphidicolin, both cyclin accumulation and HI kinase activity continues to higher levels before nuclear structure breaks down. Perhaps the arrested S phase nuclear structure is less sensitive to mitotic signals. The cyclins eventually disappear, though histone kinase activity remains high and the nuclear envelope does not reform. While incubation times will have to be extended to determine which cell cycle parameters continue to oscillate, aphidicolin clearly causes some dissociation of cell cycle events, and provides an opportunity for the dissociation of causal relationships between cell cycle events. E v a n s , T ., R o s e n t h a l , E . T ., Y o u n g b lo o m , J ., D i s t e l , D . a n d H u n t , T . (1983) . Cyclin: a protein specified by maternal m R N A in sea urchin eggs that is destroyed at each cell division.
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